Introduction
Several techniques for the primary repair of tetralogy of Fallot (TOF) have been introduced. The classic repair with a transannular pulmonary patch relieves the right ventricular (RV) outflow tract obstruction without residual stenosis. 1 This, however, generally causes severe pulmonary regurgitation (PR) which is believed to lead to progressive RV dilatation affecting RV function. 2 RV dysfunction has been identified as an important risk factor for ventricular arrhythmia and sudden cardiac death. 3, 4 Alternative surgical techniques such as subpulmonary patch repair or non-patch techniques such as infundibulectomy with or without pulmonary commissurotomy, try to preserve the pulmonary valve apparatus with the hope of avoiding significant PR. 5, 6 In contrast to the transannular patch technique, however, these strategies can result in residual RV outflow tract (RVOT) stenosis which may require future reinterventions. [6] [7] [8] . The observation of RV dilatation after TOF repair is mainly based on cross-sectional observational data from patients treated during different eras and in different centres. Longitudinal studies on the natural history of RV dilatation in TOF patients after repair are relatively scarce and report conflicting results. [9] [10] [11] [12] [13] [14] [15] [16] [17] Greutmann 18 therefore questioned in a recent editorial the theory that the RV continuously dilates after surgical repair. It is possible that the RV remodels and dilates quickly after surgical repair and reaches a 'steady state', and that after early remodelling, RV size remains stable for a longer period. The aims of the present study are to longitudinally assess change in RV volume in a patient group after TOF repair and to study the influence of different surgical repair techniques on RV size progression.
Methods
Routine clinical cardiovascular magnetic resonance (CMR) reports of all consecutive patients after primary surgical repair of TOF who received at least two routine clinical CMR exams at our centre between 2006 and 2013 and utilizing one dedicated CMR scanner (1.5-T Avanto, Siemens Healthcare, Erlangen, Germany) were retrospectively reviewed. Patients included were patients after corrective surgery with either transannular patch repair, sub-valvular patch repair, or non-patch repair/infundibulectomy with or without commissurotomy and a PR regurgitant fraction of at least 15% at one CMR exam. All patients were referred to a CMR exam following clinical decision-making. Patients were excluded if they had undergone any interventions other than the initial repair, if they presented RVOT obstruction or pulmonary valve stenosis defined as maximum gradient !40 mmHg, RV systolic pressure !45 mmHg as determined by echocardiography or cardiac catheterization within 6 months of CMR or requiring any form of sedation.
CMR exams were excluded in the case of ! 3 extrasystoles or incorrect triggering of QRS during volumetric or flow measurements and/or irregular rhythm like atrial flutter or fibrillation.
In addition, the CMR data of all other consecutive TOF patients who underwent at least one CMR exam during the study period, were obtained and compared with the study population.
The local Ethics Committee approved the study.
Volumetric ventricular measurements
All volumetric ventricular measurements were performed using axial slice orientation according to our previously described standard clinical protocol. 19 This protocol provides very good inter-and intra-observer variabilities with limits of agreement of about 615%: 19 In brief, axial slices were acquired from the coronal and sagittal localizing images by planning a stack of orthogonal slices to cover the heart from a level just below the diaphragm to the pulmonary bifurcation. These axial multiphase steady state free precession images were retrospectively ECG triggered with a slice thickness of 4.5, 6, or 8 mm depending on bodyweight, 25 phases/ cardiac cycle, with 1 slice per 8-12 s breath-hold, and an acquisition matrix of 192 Â 192. RV and left ventricular (LV) volumes were calculated from the axial data sets using standard analysis software (ArgusV R , Siemens Healthcare, Erlangen, Germany). Endocardial contouring was performed in a blinded manner without knowledge of the clinical status of the patient, the indication for the CMR exam, or previous measurements. The phase of both the end-diastole and end-systole was defined for each ventricle independently. The endocardial contours of the ventricles were traced manually with the papillary muscles and trabecular considered as part of the myocardium and excluded from the volume.
According to the endocardial tracing, the program computed enddiastolic and end-systolic volumes which were indexed to the body surface area.
Phase-velocity magnetic resonance
Phase-velocity magnetic resonance (PV-MR) was performed as previously described. 20 In brief, a conventional phase-sensitive gradient echo sequence was used in a double-oblique plane, perpendicular to the dominant flow direction in the main pulmonary artery. The following acquisition parameters were used: TR/TE 25/6 ms; slice thickness 5 mm; flip angle 30 ; receiver bandwidth 31.25 kHz; rectangular field of view 260-400 mm; matrix 256 Â 256; and number of excitations 3.
PV-MR data analysis was performed in a blinded manner using commercially available software (ArgusV R , Siemens Healthcare, Erlangen, Germany). Net flow volume was calculated by subtracting backward flow from forward flow. Regurgitant fraction was calculated by dividing regurgitant flow by total forward flow.
Four different observers (TR, CM, HCS and SF) with more than 4 years of experience in congenital CMR performed the flow and volume analyses.
Statistical analysis
Testing for normal distribution of data was performed using the ShapiroWilk test. Between-group comparisons of continuous parametric variables were performed by Students' paired t-test, and by one-way repeated measures analysis of variance (ANOVA) with Bonferroni post-hoc analysis, where appropriate. Between-group comparisons for nonparametric variables were performed by paired Wilcoxon rank test or Kruskal-Wallis one-way ANOVA with Dunns' post-hoc analysis, where appropriate.
Comparisons of continuous parametric CMR variables at first and last CMR between the three subgroups were performed by mixed two-way repeated measures ANOVA with Bonferroni post-hoc analysis. Results and P-values are reported with analyses for the interaction of time of CMR and repair type, for the main effect of repair type and for the main effect of time of CMR. Unequal homogeneity of variances or non-normal distribution could potentially influence the results of a two-way mixed ANOVA. For those variables violating homogeneity of variances or normal distribution, the non-parametric Kruskal-Wallis one-way ANOVA was used for inter-group comparisons for both, the first and last CMR and to confirm the results of the two-way mixed ANOVA. For intragroup comparison, the paired Student's t-or Wilcoxon rank test were used.
Chi square-/Fisher's exact tests were used to compare categorical variables. Correlations were assessed using linear regression analysis. Continuous variables are indicated in mean 6 standard deviation or median and 25 and 75 interquartiles, where appropriate. The statistical significance level was set at a P-value < 0.05. Analyses were performed using the SPSS 21.0 software package (SPSS Inc., Chicago, IL 60606, USA) and Prism GraphPad 5 (GraphPad Software, La Jolla, CA 92037, USA).
Results
Fifty-one patients after surgical repair of TOF (28 females) were included. Mean age of the whole group was 21 6 11 years at first CMR exam (range 6-46 years). Mean time between the two CMR exams was 37 6 21 months. Patient characteristics for each subgroup are shown in Table 1 . Change of RVEDVI was À0.6 6 9.8 mL/m 2 per year in the whole group. RVEDVI and all other CMR variables did not differ significantly between first and last CMR in the whole group ( Table 2) . Data for all CMR variables for all patients were available with the exception of a missing pulmonary flow measurement at the first CMR in one patient. Thirteen patients had three, seven patients four, and 1 patient five CMR exams during the study period ( Figure 1 ). The results of first and last CMR exams for each subgroup are shown in Table 3 . RVEDVI did not differ between first and last CMR in the subgroups transannular patch, subvalvular patch, and nonpatch repair/infundibulectomy. The two-way mixed ANOVA revealed no significant interaction of time of CMR and subgroups on any CMR variable. PR regurgitant fraction and volume were significantly higher in the transannular patch group compared with both other subgroups, as could be expected. Two-way ANOVA revealed a significant increase of indexed main pulmonary artery net flow (MPA net flow), however, as this variable formally violated the homogeneity of variances, non-parametric analyses did not confirm this observation (see below and Table 4 ).
In addition to the MPA net flow, three further variables violated necessary assumptions for performing a two-way mixed ANOVA [LV endsystolic volume index (LVESVI) and ratio of RVEDVI/LVEDVI: non-normal distribution. PR regurgitant fraction: unequal variances].
Results of the non-parametric tests are shown in Table 4 . There were no significant differences for all four variables between first and last CMR (P > 0.05 for all four variables).
RVEDVI regurgitant volume at first CMR were related to the change of RVEDVI ( Table 5) . During the whole study period, 224 additional TOF patients underwent at least one CMR exam. Results of RV volume measurements were available for 201 patients. The excluded patients showed a mildly smaller RV ejection fraction, RVEDVI, RV indexed stroke volume, LV ejection fraction, ratio of RVEDVI/LVEDVI, PR regurgitant volume and fraction in comparison to the included patients ( Table 6 ). In excluded patients without a history of PVR, RVOT or pulmonary stenosis (i.e. fulfilling inclusion criteria of our study cohort, N ¼ 110), but in whom only one CMR exam was performed, only the PR regurgitant volume differed to the included patients: Excluded vs. included patients 16 (4, 25) vs. 23 (15, 29) mL/m 2 , P ¼ 0.001 (rest of data not shown).
Discussion
Our study could not find significant changes in RV size in patients with moderately dilated RVs after TOF repair followed by CMR for an average period of 3 years. We cannot document progressive RV dilatation, even in patients with several exams during the study period ( Figure 1) .
The theory of progressive RV dilatation due to residual PR after TOF repair is mostly based on studies that investigated the change of size of the RV either after surgical or percutaneous PVR. [21] [22] [23] [24] Few studies evaluated longitudinally the change of RV volumes in the presence of residual PR. Grothoff et al. 13 documented a significant increase of the RVEDVI only in patients after transannular patch repair. Luijnenburg et al. 12 prospectively studied in a multi-centre trial 78 patients and compared the results with 5-year-old retrospective data.
They observed an increase of RVEDVI of 1.6 6 3.0 mL/m 2 /year which was also associated with a transannular patch repair. The largest multi-centre study in the field included 339 patients. Wald et al. 17 observed in only 15% of patients according to pre-specified criteria, a significant 'rapid progression' of RV dilatation. The overall increase was 4 6 18 mL/m 2 . Contrary to our results, the ratio of RV to LV volume also increased.
In contrast to these three studies, Frigiola et al. 25 demonstrated in a large cross-sectional study that patients after TOF repair not requiring PVR have only a mild RV dilatation (101 6 26 mL/m 2 ) and PR (21 6 15%). The authors concluded that a large proportion of patients with repaired TOF may have relatively small RVs that do not progress in size over decades. Quail et al. 15 observed stable RV dimensions in patients eligible for PVR but managed conservatively, however during a relatively short follow-up time. Greutmann 18 therefore discussed in a recent editorial as an alternative mechanism, that RV remodelling occurs early after the initial surgical repair followed by a 'steady state' with dilated, but stable RV dimensions. He also mentioned that the observed changes of the RV volumes are often below the reported inter-and intra-observer variabilities which is also true for our study. 19 The results of our study support the time-course of RV remodelling proposed by Greutmann and are in line with the observations of Frigiola and Quail, however, during a moderate follow-up time and, e.g. in contrast to the studies of Wald and Luijnenburg, in a single centre study. 12, 15, 17, 18, 25 Our study provides, however, information on a well-defined but in clinical practise frequently encountered group of TOF patients with 'pure' volume overload due to PR and no previous PVR. In contrast to the study of Wald et al., our study specifically excluded patients after pulmonary atresia repair, significant RVOT/pulmonary valve stenosis or PVR. To our opinion, the hemodynamic situations of these patients differ significantly from patient with 'pure' PR as e.g. patients with RVOT obstruction are more prone to RV hypertrophy and to less RV dilatation. [26] [27] [28] [29] [30] In contrast to the studies of Grothoff et al. 12 and Luijnenburg et al.
13
, transannular patch repair was not associated with progressive RV dilatation in our study. Age did not influence RV size. However, patients with short follow-up after initial repair showed a positive change of RVEDVI in comparison to patients after a long follow-up, again supporting the hypothesis of Greutmann 18 . Hence, these results should be interpreted with caution due to the relatively small group of patients with short follow-up. The severity of PR was comparable to the study of Luijnenburg et al. 12 but less severe than observed by
Wald et al.
17
, and did not progress in either subgroup in contrast to the former study. However, PR, although related to RV size at last CMR and similar to the study of Luijnenburg et al.
12
, did not influence the change of RVEDVI.
One could argue that the selection criteria of our study might have introduced two types of bias: (i) potential selection of clinically 'better' patients, as worse patients might have died in the meantime and (ii) potential selection of patients with smaller ventricles, as patients presenting large ventricles would have most likely been treated immediately, thus being excluded from this study of patients with more than one CMR study during the study period. However, excluded patients had even smaller RV dimensions and less PR than included patients and CMR parameters in excluded patients without a history of PVR or RVOT/pulmonary stenosis, did not significantly differ to the included patients ( Table 6) . One can therefore conclude that the study patients very well represent the TOF cohort followed in our centre. We can also assure that patients with large RVs have not been missed, as since 2006 all patients undergoing interventions for RVOT pathologies underwent a pre-interventional CMR exam except those presenting contra-indications for CMR.
Only 10 of 70 excluded patients after PVR had previous transannular patch repair, speaking in favour that the younger age was not due to the fact that 'all' older patients of this group had undergone PVR. Varying surgical repair strategies might be the reason for differences of TOF cohorts between centres and responsible for the younger age of our transannular patch group and the smaller RV size. In our centre, the transannular patch repair has been introduced relatively late and whenever possible the non-patch repair was preferred. 31 Additional mechanisms like intrinsic damage of the RV during surgical correction, the destruction of RVOT integrity or perioperative ischaemia with consecutive myocardial fibrosis, might contribute to the RV dilatation and early adverse remodelling immediately after initial repair. 18, [32] [33] [34] The need for PVR is probably independent of the surgical repair technique which also speaks in favour of our observations. 35 
Limitations of our study
This is a retrospective study. However, CMR is established as the gold standard for volumetric ventricular measurement. The reproducibility, inter-and intra-observer variabilities are excellent, as our group also had reported. 19, 36 In addition, it is important to point out that our group members always perform the analyses of RV and LV volumes in a blinded manner. Therefore we can exclude any bias influencing our measurements. The time between CMR exams was relatively short and this is a single centre design with a limited number of patients. Prospective multi-centre studies are desirable to document the evolution of RV size early and later after TOF repair. To our surprise, patients after transannular patch repair were significantly younger. There was, however no significant influence of age on RVEDVI or change of RVEDVI.
Conclusions
There is no significant progression of RV size in patients after initial TOF repair with moderate RV dilatation, significant residual PR and without relevant RVOT or pulmonary stenosis during a moderate follow-up. The RV seems to be dilated independently of surgical repair techniques. Patient cohorts might differ between centres which could explain our divergent findings in comparison to similar studies. Prospective studies should evaluate the long-time course of RV dilatation, which was beyond the scope of our study.
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